We propose that retroviruses exploit a cell-encoded pathway of intercellular vesicle traffic, exosome exchange, for both the biogenesis of retroviral particles and a low-efficiency but mechanistically important mode of infection. This Trojan exosome hypothesis reconciles current paradigms of retrovirus-directed transmission with the unique lipid composition of retroviral particles, the host cell proteins present in retroviral particles, the complex cell biology of retroviral release, and the ability of retroviruses to infect cells independently of Envelope protein-receptor interactions. An exosomal origin also predicts that retroviruses pose an unsolvable paradox for adaptive immune responses, that retroviral antigen vaccines are unlikely to provide prophylactic protection, and that alloimmunity is a central component of antiretroviral immunity. Finally, the Trojan exosome hypothesis has important implications for the fight against HIV and AIDS, including how to develop new antiretroviral therapies, assess the risk of retroviral infection, and generate effective antiretroviral vaccines.
R
etroviruses are enveloped positive-strand RNA viruses that replicate through a DNA intermediate inserted in the host cell genome (1) . Current models of retroviral biology adhere to basic principles of virology (2) , explain most empirical data on retroviruses, and assume a complete reliance on retroviral Env proteins for the binding and fusion of retroviral particles with host cells (1, 2) . However, these models do not provide a mechanistic explanation for many important properties of retroviruses, including the array of host cell molecules in retroviral particles (3) (4) (5) , the observation of receptor-independent and Env-independent retroviral infections (6) (7) (8) , and the ability of retroviruses to thrive in the presence of otherwise healthy adaptive immune systems (1, 2) .
In an effort to reconcile these observations with the main body of data on retroviral biology, we propose the Trojan exosome hypothesis. Many eukaryotic cells synthesize and release small extracellular vesicles called exosomes, which can fuse with membranes of neighboring cells to complete an intercellular vesicle trafficking pathway (9) (10) (11) (12) . The Trojan exosome hypothesis states that retroviruses use the preexisting, nonviral exosome biogenesis pathway for the formation of infectious particles, and the preexisting, nonviral pathway of exosome uptake for a receptor-independent, Env-independent mode of infection. The following presents a portion of the empirical support for this hypothesis and its major implications for the fight against HIV and AIDS.
Exosome Biogenesis and Uptake
Exosomes are small (50-200 nm) membrane-bound vesicles that are released into the extracellular milieu (10) (11) (12) . The early stages in exosome synthesis follow that of intralumenal vesicles (ILVs), which form by inward budding of the endosome membrane (13) ; endosomes enriched in ILVs are also referred to as multivesicular bodies (MVBs) (Fig. 1) . The immediate fate of ILVs and their constituents can vary. For example, the ILV biogenesis pathway can be reversed, as when proteins that are targeted into discrete ILVs return to the endosomal limiting membrane (14) . ILVs can also be degraded in lysosomes if the endosomes that carry them fuse with, or mature into, lysosomes (13) . Alternatively, MVBs can fuse with the plasma membrane (PM), releasing ILVs into the extracellular milieu as exosomes (delayed exosome biogenesis). MVB-PM fusion also generates a patch of endosomal membrane at the cell surface that can shed exosomes directly into the extracellular fluid (immediate exosome biogenesis).
Once released, exosomes can fuse with membranes of neighboring cells, delivering membrane and cytoplasmic proteins from one cell to another. Exosome exchange plays important roles in numerous physiological events, including prostate-induced sperm motility, wingless-mediated pattern formation, lymphocyte activation, and induction of immunological tolerance (10-12, 15, 16) . Exosome uptake appears to involve clathrin-mediated endocytosis followed by backfusion of exosomes with the limiting membrane of the endosome. The net effect of the reaction is the transfer of membranes and cytosol from one cell to another in the proper topology.
Implications for Retroviral Biogenesis and Transmission
The Trojan exosome hypothesis predicts that retroviral particles and exosomes will contain a similar array of host cell lipids and proteins, use the same protein targeting and vesicle biogenesis pathway, and move between cells in the absence of a retroviral Env protein. A review of the empirical data finds support for each of these predictions.
Similarities in Host Cell Lipids and Proteins.
Retroviruses and exosomes have a shared lipid composition that includes significantly higher levels of cholesterol and glycosphingolipids as compared with the plasma membrane (9, (17) (18) (19) (31, 32) . It should be noted that the host cell proteins present in retroviral particles and exosomes are not merely the abundant components of the PM (22, 23) . Also, the host cell proteins in retroviruses are not just trace components, as some (MHC class II) can exceed the abundance of Env proteins (33, 34) . Much of this data are from the HIV field, but similar results have been reported for other retroviruses (35) (36) (37) (38) (39) (40) (41) (42) (43) .
Similarities in Protein Targeting and Vesicle
Biogenesis. Expression of Gag alone is sufficient to drive the formation of retrovirus-like particles (44, 45) . The Trojan exosome hypothesis predicts that Gag should therefore be targeted to ILVs. Protein targeting into ILVs appears to be mediated by several mechanisms, including binding to ILV components, fatty acylation, aggregation, and monoubiquitylation, and Gag proteins from several retroviruses possess these properties (13, 44) . For instance, HIV Gag binds ILV components and ILV-biogenesis factors (cyclophilin, tsg101), is N-terminally myristoylated, forms large aggregates, and is monoubiquitylated (44) . In addition, Gag mutants that interfere with these targeting mechanisms, such as the late domain mutants, can block the formation of retrovirus-like particles (44) . Additional support for the Trojan exosome hypothesis comes from the observation that retroviral biogenesis requires ILV biogenesis factors such as tsg101 and VPS4 (44, 46) .
Similarities in Cell Biology of Release. Exosomes can form at the limiting membrane of discrete endosomes (delayed exosome biogenesis) or at endosomal patches of the cell surface (immediate exosome biogenesis). The Trojan exosome hypothesis predicts that retroviruses should also form at both endosomal membranes and at patches of the cell surface, which has been observed for most, if not all retroviruses (Supporting Text, which is published as supporting information on the PNAS web site, www.pnas.org). For instance, it is firmly established that HIV buds into endosomes in macrophages and dendritic cells (47, 48) . In T cells, HIV arises primarily from the cell surface (2, 8) . However, HIV release in these cells is not distributed evenly across the cell surface but occurs primarily at focal patches that display late endosomal marker proteins (49, 50) , which are also the sites of immediate exosome biogenesis. Interestingly, the cell surface budding of HIV in T cells is not determined by Gag, which directs HIV release, but by Vpu, as Vpu-defective strains of HIV bud into endosomes even in T cells (51) (52) (53) . The Trojan exosome hypothesis is also consistent with recent evidence linking retroviral biogenesis to lipid rafts (54, 55) . Like retroviruses, exosomes are enriched for cholesterol, glycosphingolipids, and many lipid raft markers, which may reflect an important role for lipid raft domains in the formation of ILVs.
Receptor-Independent and Env-Independent
Infection. A defining element of the Trojan exosome hypothesis is its prediction that retroviruses will have a low-efficiency ability to infect cells independently of their Env proteins and independently of the retroviral receptors. Perhaps the clearest demonstration of Env-independent infection is that of the gypsy retrovirus, which is transmitted in vivo as efficiently in the absence of its Env gene as in the presence of its Env gene (7) . Another example of Env-independent infection comes from in vitro studies of mdg3, a fly retroelement that lacks an Env-like gene even in the WT state (56) .
Env-independent infection has also been documented for HIV (6, 57) . The deletion of HIV Env reduces their ability to infect CD4 ϩ cells (CD4 is the primary HIV receptor) to 1% of WT, consistent with the well established and important role of HIV Env in mediating infection of CD4 ϩ cell types. However, removal of the Env gene does not eliminate HIV's ability to infect cells and Env-deleted HIV particles infect CD4 Ϫ cells as efficiently as WT HIV particles (6, 57) . An Env-independent pathway of retroviral transmission is also consistent with many other observations regarding retroviruses, such as (i) receptor-independent infection (6, 8, 58) , (ii) the high-efficiency binding of Envdeleted retroviruses to cells (59-61), (iii) infection of species that lack their receptor (1, 62, 63) , and (iv) the ease with which retroviral pseudotypes can be generated (1). Finally, it should be noted that the Trojan exosome hypothesis provides a greatly simplified model for the genesis of retroviruses from LTR retrotransposons (Supporting Text and Figs. 2 and 3, which are published as supporting information on the PNAS web site) as well as a model of retroviral tropism that combines both Env-dependent and Env-independent pathways (Supporting Text).
Implications for Retroviral Immunity
The Trojan exosome hypothesis is a general model of retroviral biogenesis and transmission, and thus, cannot explain the distinct properties of different retroviruses or the unique features of different retrovirus-induced pathologies. However, an exosomal origin provides retroviruses with complex physical and functional properties that have important implications for routes of pathogenesis. In the following section we will discuss how these properties allow retroviruses to thrive in the face of adaptive immune responses while rendering them susceptible to destruction by histocompatibility, or alloimmune, reactions.
The Failure of Adaptive Immunity
It is well established that humans and other mammals combat many enveloped viruses by (i) the selective proliferation of B cells that secrete neutralizing antibodies (primarily IgGs) able to block Env-mediated entry and (ii) the selective proliferation of virus-reactive T cell clones that detect and kill infected cells, amplify the antiviral immune response, and provide immunological memory (2, 64) . In healthy individuals, these mechanisms are usually sufficient to either clear viruses from the body or drive viruses into latent states where replication occurs only infrequently. Furthermore, most viruses that cause acute pathogenesis (influenza, poliomyelitis, smallpox, etc.) are easily controlled in individuals with prior exposure to viral antigens. However, retroviruses are relatively resistant to adaptive responses directed at viral antigens. This is evident from the productive infection of many otherwise healthy humans by HIV (60 million infected people), human T cell leukemia virus (HTLV-1; 20 million infected people), and many other animals by many other retroviruses (1, 2, 8) .
Retroviruses do not thrive by evading the adaptive immune system. In fact, most retrovirus-infected animals mount vigorous B and T cell responses to retroviral antigens (65) (66) (67) (68) . In the case of HIV, these responses (i) significantly reduce viral titers after the initial burst of viral replication early in infection (2, 8) , (ii) generate antibodies that can neutralize HIV in vitro (69) , and (iii) exert strong selective pressures that can shape the evolution of HIV genomes in vivo (65, (70) (71) (72) (73) . However, retroviral replication continues apace in the vast majority of HIVinfected patients. This pattern is also observed in HTLV-1-infected patients and in a variety of animals infected by their retroviruses (1, 2, 66). As for those rare HIV-infected individuals who appear to control their retroviral infection (longterm nonprogressors), it is not clear whether adaptive immune responses are responsible for this apparent control, and in some cases there is strong evidence that it is not (74-78). Exosome Exchange and the Intrinsic Susceptibility of Immune System Cells. Retroviral resistance to adaptive immune responses is usually attributed to (i) the rapid and error-prone nature of retroviral replication, which allows for antigenic drift and the subsequent proliferation of escape mutants, and (ii) the unique problems posed by proviral insertion in host cell chromosomes (1, 2, 69) . These are important factors, but the Trojan exosome hypothesis suggests the existence of several other impediments to adaptive immune control of retroviral infections.
Lymphocytes, macrophages, and immature dendritic cells commonly exchange exosomes in the process of immune surveillance and signaling (10) (11) (12) 16) . Active exosome exchange among immune cells indicates that these cells will have an intrinsic, low-level susceptibility to retroviral infection via exosome exchange, in addition to whatever tropism is specified by the retroviral Env protein. This intrinsic susceptibility is enhanced by the migration of immune system cells throughout the body during immune surveillance, which exposes them to numerous exosomes from large areas of the body, and by the transmission of numerous immune cells between individuals during sex and breastfeeding (69) . A major prediction from this line of argument is that retroviruses will replicate in cells of the immune system in vivo, which matches empirical observation (1, 2) (Supporting Text and Table 1 , which is published as supporting information on the PNAS web site). HTLV-1 represents a particularly good example of this principle because it primarily infects CD4 ϩ T cells in vivo even though it displays no detectable preference for these cells in vitro (2, 79) .
Retroviral Targeting of Antigen-Specific T
Cells. Another aspect of the Trojan exosome hypothesis that contributes to the failure of adaptive immunity is deduced from the role of exosomes in cellular immunity. Recent studies have established that exosomes are produced by nearly all antigen-presenting cells, are loaded with MHC͞peptide complexes (21, (80) (81) (82) (83) , and are sufficient to stimulate and activate T cells in an MHC͞peptide͞T cell receptor (TCR)-dependent manner (16, 80, 84, 85) . Moreover, activation of T cells stimulates their exosome exchange pathway (80, 86) . Given that retrovirus-infected cells release Trojan exosomes carrying MHC proteins loaded with retroviral peptides, our hypothesis predicts the preferential infection of T cells that express retrovirus-specific TCRs. This prediction concurs with the empirical observation that HIV preferentially infects T cells that express TCRs specific for HIV antigens (87, 88) . The same principle also predicts infectious synergy between retroviruses and secondary infectious agents (Supporting Text).
Retroviral Evasion of Humoral Responses.
The humoral response to viruses is generally believed to function through the production of subtype G immunoglobulins (IgG) that block Env function and thereby neutralize the virus. However, an exosomal origin of retroviruses will allow them to infect neighboring cells by exosome exchange even in the presence of IgGs that completely block Env function. Empirical support for retroviral transmission in the presence of potent antibody responses comes from the observation that many productively infected AIDS patients have anti-Env antibodies that are neutralizing in vitro (67, 69) . Furthermore, an exosomal origin for retroviral particles loads them with high levels of complement-inhibiting proteins (CD55, CD59; ref. 24 ) that protect the particles from destruction by IgG-mediated complement recruitment and lysis (26, 40, (89) (90) (91) (92) (93) .
Ideal Immunity to Retroviral Attack
Taken together, the preceding arguments and lines of evidence indicate that retroviruses pose an unsolvable paradox for adaptive immune responses. However, the ability of retroviruses to significantly reduce host fitness, the ancient origins of retroviruses, and the ubiquity of retroviruses in the animal kingdom (1, 2) indicate that animals should possess a potent mechanism of antiretroviral immunity. The Trojan exosome hypothesis makes three predictions regarding its nature.
First, effective antiretroviral immunity in all animals must kill retroviruses and retrovirus-infected cells (i) without prior exposure to the virus and (ii) before a single round of replication has occurred in host cells. Therefore, it must be directed against exosomal antigens that are present on the surface of retroviruses and retrovirus-infected cells but are encoded by the genome of the prior host, not the retroviral genome. Second, because retroviral transmission occurs primarily within a species, the Trojan exosome hypothesis predicts that antiretroviral immunity must be directed against host cell exosomal antigens that are highly polymorphic within the population. Third, the detection of polymorphic, nonself, host cell exosomal antigens should induce a wide array of potent and naïve responses aimed at destroying nonself membranes and inhibiting retroviral replication in cells of the new host. Most animals display precisely these activities under the umbrella of their alloimmune, or histocompatibility, response. This response is shared by organisms that span the animal kingdom, from the most primitive invertebrates, the sponges, up to and including humans (94, 95) . However, alloimmunity has been studied most extensively in humans, as have retroviruses, and our discussion of alloimmunity to retroviruses will rest heavily on human biology.
Evidence for the Antiretroviral Nature of Alloimmunity
Humans possess three major histocompatibility responses. The immediate and naïve response to carbohydrate alloantigens is arguably the most intense. This response requires no prior exposure to human tissue and is exemplified by the hemolytic response to incompatibility at the ABO loci. Individuals who fail to express the A or B carbohydrate antigens contain subtype M immunoglobulins (IgMs) to these antigens (because of prior exposure of B cells to these carbohydrates on commensal organisms, pathogens, etc.). These antibodies bind membranes that express the A and͞or B sugars on their glycoproteins and glycoplipids and destroy these membranes by recruiting complement, including the membrane attack complex (64) . The Secretor, Lewis, I, P, and T antigen loci also control the expression of polymorphic loci capable of lysing alloantigenexpressing membranes (96) . The evidence that carbohydrate alloantigens are active in retroviral resistance comes from the ability of antibodies to ABO antigens to destroy retroviral particles in vitro (97) and the observation that incompatibility at the Secretor locus is associated with reduced HIV transmission in vivo (98) .
The second mechanism of alloimmunity is the pleiotropic, direct alloresponse of T cells to nonself MHC protein͞peptide complexes. When T cells detect alloantigenic MHC͞peptide complexes, they unleash a cytotoxic attack on the alloantigen-expressing membranes (99) and release an array of soluble antiretroviral factors (100-102), even if they have never previously been exposed to the nonself MHC͞peptide complex (64) . Alloantigenicity at MHC loci is associated with decreased rates of HIV transmission in vivo (103) (104) (105) (106) (107) (108) , demonstrating that this arm of alloimmunity is an active mechanism of retroviral resistance.
The third facet of human alloimmunity is the adaptive response to histocompatibility antigens. This element of alloimmunity relies on adaptive responses to alloantigens encountered during sex, pregnancy, child-birth, breastfeeding, blood exchange, and any other form of tissue exchange. As a result, alloimmunized individuals induce both humoral and cellular responses to major and minor histocompatibility antigens, including highly polymorphic peptide blood group antigens, platelet antigens, MHC proteins, and any other antigenic polymorphisms. Evidence for alloimmunization-induced retroviral resis-tance is strong. Sera from multiparous women, polytransfused patients, and other alloimmunized individuals destroys HIV particles and inhibits HIV infection in vitro (108) (109) (110) and similar results have been observed in animal systems with other retroviruses (35, 36, 111) . Also, vaccination studies have demonstrated that induced responses to host cell proteins present in retroviral particles can provide prophylactic resistance to retroviral infection (112) (113) (114) (115) (116) (117) (118) (119) (120) (121) (122) (123) .
Implications for Therapies, Risks, and Vaccines HIV and HTLV-1 pose an extreme threat to human societies and individuals. The remainder of this essay discuss some aspects of the Trojan exosome hypothesis that are relevant to the development of antiretroviral therapies, the role of histocompatibility in retroviral transmission, and the design of antiretroviral vaccines.
Therapies. An exosomal origin for retroviral particles should render them sensitive to inhibitors of exosome biogenesis, and inhibitors of exosome uptake should enhance retroviral susceptibility to inhibitors of Env-dependent infection (124) . Both classes of drugs might be found among the antiretroviral factors released in extracts of alloreactive cells from a wide variety of organisms. In terms of gene therapy, destructive catalytic domains (RNases, proteases, lipases, etc.) fused to cytoplasmic exosomal proteins (TSG101, cyclophilins, etc.) or to the cytoplasmic tail of exosomal membrane proteins (MHC class II, tetraspannins, etc.) might inhibit retroviral transmission by degrading molecules that are important for exosome biogenesis and͞or exosome uptake. However, deleterious side effects may result from therapies that disrupt exosome exchange. A more specific gene therapy approach might involve the use of zymogens that are activated only in response to specific retroviral factors, such as the HIV and HTLV-1 proteases. Finally, the ability of IgM class antibodies to destroy retroviral particles and retrovirus-infected cells via complement activation, despite the presence of complement-inhibiting proteins on the retroviral surface, indicates that recombinant IgM molecules directed against specific retroviral epitopes might be useful in attenuating retroviral infections and perhaps eliminating some retroviral reservoirs, particularly when combined with other antiretroviral therapies.
Histocompatibility and the Risk of Infection.
The probability of retroviral transmission during intimate contact between two individuals can be affected by the mode of tissue transfer and the amount of tissue transferred (type of sex, breastfeeding, transplantation, etc.) (2, 8) . The Trojan exosome hypothesis predicts that the degree of histocompatibility is another important risk factor vis-à-vis retroviral transmission. More specifically, this hypothesis predicts relatively efficient retroviral transmission between individuals who happen to be histocompatible and relatively inefficient retroviral transmission between individuals who happen to be histoincompatible. Such a risk factor might help explain why HIV is transmitted through the largely outbred human population, on average, only once per Ϸ200 exposures even though some individuals are infected after just a single exposure (2, 8, 125) . It might also contribute to the observation that the risk of HIV infection increases for people who engage in tissue exchange with multiple partners, as this would increase their odds of encountering an infected histocompatible individual (2, 8, 125) .
The Design of Antiretroviral Vaccines. The Trojan exosome hypothesis and the empirical record support the concept of alloimmunity as a major mechanism of retroviral resistance. Given that alloimmunity is dramatically enhanced by prior exposure to alloantigens, alloimmunization is a logical tool to use in combating the spread of retroviruses through animal populations. Alloimmunization is currently approved as a treatment for certain types of infertility in humans, and appears to be relatively free from adverse health consequences (110, 126) . Not surprisingly, two of the researchers who have demonstrated a role for alloimmunity in retroviral resistance, Shearer and Lehner, reached the conclusion that alloimmunization should be applied in the fight against HIV (110, 127, 128) . The Trojan exosome hypothesis provides additional support for this approach.
For a monogamous couple, alloimmunization can be accomplished rather easily (110, 127, 128) . However, the HIV and HTLV-1 pandemics are being driven by nonmonogamous sexual behaviors and other forms of promiscuous tissue exchange (2, 8, 125) . Allovaccines must therefore be designed to induce prophylactic immunity against numerous different alloantigens encoded by many histocompatibility alleles that exist in a given population. One strategy is to immunize individuals with the most common alloantigens of their population. Moreover, such vaccines do not necessarily require high technology, because the most potent allovaccines might well consist of nothing more than pooled, inactivated cells from an appropriate set of donors. Another alloimmunization strategy is to exploit the potential of sex-specific antigens. Although this approach will be limited to blocking heterosexual transmission, male-to-female transmission appears to be the major route of HIV spread in many societies. Thus, immunizing females with male-derived blood cells or recombinant H-Y antigens might enhance their resistance to retroviral infections and help thwart the spread of HIV and other retroviruses. A third approach is to immunize individuals with arrays of polymeric carbohydrates that induce the production of specific IgMs and thereby maximize the effect of carbohydrate alloantigens in retroviral resistance.
An important feature of alloimmunization strategies is that they are directed against host cell-derived antigens rather than rapidly evolving retroviral antigens, and thus, are less encumbered by antigenic differences between different retroviral strains than are conventional vaccination strategies. For example, alloimmunization of humans has the potential to induce prophylactic protection to all strains of HIV as well as to HTLV-1 and any other retroviruses that may be moving through the human population. However, alloimmunization poses some unusual risks for individuals and societies that also deserve consideration (Supporting Text).
The Consequences of Viral Antigen Immunization. We previously discussed how an exosomal origin together with other facets of retroviral biology allows retroviruses to persist and thrive even in the presence of potent adaptive immune responses. For the same reasons, the Trojan exosome hypothesis predicts vaccines based on retroviral proteins are unlikely to be successful. This prediction is supported by the empirical evidence that retroviral antigenbased vaccines are unable to induce prophylactic protection in vaccinated individuals (112, 118, 125, (129) (130) (131) .
A more insidious prediction of the Trojan exosome hypothesis vis-à-vis retroviral antigen vaccines is that they might potentiate subsequent infection and͞or pathogenesis. The preferential infection of retroviral antigen-specific T cells (87, 88) raises the specter that vaccines that induce the proliferation of such T cells will render vaccinated individuals more susceptible to infection during subsequent exposures. In addition, such vaccines might accelerate the progression of retrovirusinduced pathogenesis by enhancing the infection of T cells that are involved in suppressing retroviral infections. This concern is not merely theoretical, because vaccine-induced pathogenesis has been observed in horses and cats immunized with recombinant retroviral Env proteins from equine infectious anemia virus and feline leukemia virus, respectively (112, 118, 129, 130) . Whole killed retroviruses are composed of both alloantigens and retroviral antigens and presents a complex set of advantages and disadvantages (Supporting Text).
Conclusions
The Trojan exosome hypothesis proposes a mechanism of retroviral evolution, biogenesis, and transmission that explains the wide range of physical and functional properties of retroviruses. Although the Trojan exosome hypothesis does not explain the distinguishing pathologies caused by different retroviruses, it does offer a mechanistic basis for some of the most clinically important aspects of retroviral infection. These include the ability of retroviruses to replicate in animals with otherwise healthy immune systems, the susceptibility of retroviruses to alloimmune responses, and the ineffectiveness of viral antigen-based vaccines. These predictions have important implications for human health. HIV is already responsible for 20 million deaths, will kill 40 million people within the next decade, and infects Ͼ15,000 people each day (2, 8, 125) . In addition, HTLV-1 has infected 20 million individuals and is also spreading at a rapid pace (2) . Therapeutic approaches can repress HIV replication in certain infected individuals but they are unlikely to halt the spread of HIV through human populations. This goal might only be achieved through the development of prophylactic antiretroviral vaccines.
To be successful, any antiretroviral vaccination strategy must take account of the fundamental cell biology of retroviral biogenesis and transmission, the empirical data regarding the induction of prophylactic resistance to retroviral infection, and the evolutionarily relevant mechanisms of antiretroviral resistance. The Trojan exosome is a coherent cell biological model that reconciles the broad array of data on retroviral biology into a single mechanism of retroviral biogenesis and transmission. It is supported by a wide array of empirical evidence. Finally, it is an integral component of a model for evolution under selection by cell-associated pathogens that explains all relevant properties of alloimmunity in organisms as diverse as sponges and humans (unpublished observation). By these most basic criteria, alloimmunization is a vaccination strategy that should be used in the fight against HIV.
